In the past decades, ionic liquids (ILs) have garnered a lot of attention especially in the field of green chemistry due to their unique properties which help to solve the problems posed by organic solvents. Interestingly, their applications are not limited to that only as ILs have the potential to become alternative templates in the development of mesoporous silica nanoparticles (MSNs). This work reported the usage of a series of pyridinium ILs as template in the synthesis of monodispersed mesoporous silica nanosphere (MNSs) via two methods. Both syntheses utilize triethanolamine (TEA) as the base catalyst where in one method the TEA undergoes pre-treatment process while the other did not. Besides that, the effects of pyridinium ILs alkyl chain length were also investigated. MNSs generated via both methods exhibit spherical morphology and decreasing average particles size with increasing alkyl chain length of pyridinium ILs. The MNSs porosity were further analyzed through nitrogen sorption analysis where the surface area were in between 71.85 and 525.02 m 2 g −1 and the pore volume was up to 1 cm 3 g −1 .
Introduction
Since the discovery of ordered mesoporous silica in the 1990s, mesoporous silica nanoparticles (MSNs) have garnered a lot of attention. Mesoporous for MSNs is define through the pore diameter where it lies in between 2 and 50 nm while materials with pore diameter < 2 nm or > 50 nm are classified as microporous or macroporous materials respectively [1] . The tremendous attentions on MSNs are due to its desirable properties such as high surface area, large pore volume and easy functionalization [2, 3] . Furthermore, this material can be tailored according to the type of applications and some of the common applications of this material are as catalyst, absorbent, in separation techniques and in the biomedical industry [1, [4] [5] [6] . However, for biomedical applications, it is important that the MSNs generated are monodispersed with particles size < 100 nm as it is advantageous in cell endocytosis process [7] .
MSNs can be synthesized through several approaches such as a modified Stöber method, fast-self assembly, soft and hard templating, dissolving-reconstruction and modified aerogels [8, 9] . However, among all these syntheses, the modified Stöber method is most frequently utilized. Stöber method is one of the most famous approaches in synthesizing monodispersed silica particles and this method has four main components which are ammonia, water, ethanol and silica source. In order to obtain MSNs, modification was done by introducing template into the system [10] . For example, Haynes et al. utilizes this modified Stöber method in developing monodispersed MSNs by controlling the particles size with manipulation of the temperature, amount of TEOS and amount of ammonia [11] [12] [13] . Besides this method, Yano et al. successfully synthesized monodispersed MSNs by optimizing the concentration of reactant and the water/alcohol ratio [14] [15] [16] . However, the syntheses were conducted in large volume thus making the collection of product difficult. Bein et al. reported on the use of triethanolamine (TEA) as the base for the reaction as it would act as the catalyst and encapsulator in developing monodispersed MSNs [17] . In the recent years, Yamada et al. utilizes TEA in generating monodispersed MSNs while studying the effects of template amount, presence of alcohol, types of alcohols and alkyl chain length of the template on the synthesized MSNs [18] [19] [20] . All these researches used the common template which is cetyltrimethylammonium bromide or chloride (CTAB/CTACl). Zhang et al. discover a novel template, cetyltrimethylammonium tosylate (CTATos) to synthesize colloidal mesoporous silica [21] . Further researches were done on MSNs based on CTATos and a new type of MSNs known as dendritic MSNs was discovered [22] . Qiao et al. used mixture of CTATos and CTAB to generate dendritic MSNs. Besides that, they also study the effect of template composition, reaction temperature and time, and reagent ratio on the structure of MSNs produced [23] . Recently, Bein et al. found that by controlling the synthesis parameters, dendritic MSNs was generated using CTACl [24] . Dendritic MSNs is unique due to its open threedimensional (3D) dendritic structure with large pore channels and easily accessible compared to typical MSNs. It also garnered a lot attention in biomedical field due to the success of other organic dendrimer-drug conjugates entering the clinical test [25] . However, all the previous researches used the common type template which is quartenary ammonium salts and currently, there are fewer researches on alternative templates in developing monodispersed MSNs.
Ionic liquids (ILs) are salts made up of organic cations and organic or inorganic anions [26] . For a salt to be classified as ILs, the melting point of the compound must be below the boiling point of water. In the year 1914, the first IL discovered was ethylammonium nitrate [(EtNH 3 )(NO 3 )] with melting point of 13-14 °C [26, 27] . Since then, ILs have been mostly used in the field of green chemistry as "green solvents" due to their intrinsic properties such as negligible vapor pressure, non-flammability, high thermal stability and great solvation capabilities [26] [27] [28] [29] . Furthermore, desired properties of ILs can be achieved by tailoring its anions and cations. Although ILs are popular in the field of green chemistry, the capabilities of ILs as template in generating porous materials were unexplored.
Currently, several researches have reported the utilization of imidazolium based ILs in the development of mesoporous silica materials. Long chain imidazolium ILs are of particular interest due to its tendency to self-assemble which is preferred in developing ordered mesoporous materials [30] . A series of 1-alkyl-3-methylimidazolium chloride (C n MimCl where n = 10, 14, 16 and 18) were used to prepare highly ordered lamellar silica via nanocasting technique and the developed silica exhibited microporosity [31] . Wang et al. used 1-hexadecyl-3-methylimidazolium chloride to develop ordered mesoporous silica, MCM-41 and MCM-48 via hydrothermal method [30] . Development of mesoporous silica is not limited to long chain imidazolium based ILs. Zhou et al. and Zhang et al. utilize 1-butyl-3-methylimidazolium tetrafluoroborate (C 4 MimBF 4 ) to synthesize mesoporous silica via a new mechanism, known as hydrogen bond-co-π-π-stack [1, 32] . Despite these many researches conducted on usage of ILs as template, only one research was able to use ILs to develop MSNs and in this research, it was found that MSNs morphology are dependent on the type of ILs used [33] .
Here we present two synthesis methods that utilize ILs as templates in synthesizing monodispersed mesoporous silica nanospheres (MNSs). In both syntheses, TEA was used as the basic catalyst. Furthermore, the effects of alkyl chain length of the template on the MNSs morphology were also studied.
Methodology

Materials
Pyridine, 1-bromododecane, 1-bromotetradecane, 1-bromohexadecane, 1-bromooctadecane, ethanol, diethyl ether, acetonitrile, TEA, tetraethylorthosilicate (TEOS), hydrochloric acid (HCl) was purchased from Chemolab Sdn Bhd. The chemicals were used without further purification.
Characterization
The Nuclear Magnetic Resonance (NMR) spectra for 1 H were recorded on JEOL EXC500 FT. Deuterated dimethyl sulfoxide (DMSO) was used as solvents for all ILs. Powder X-ray diffractogram were collected on Brucker D8 Discover using Cu Ƙα radiation over a 2θ range of 1-9° at a scan rate of 1° min −1 . Transmission electron micrographs (TEM) were recorded on Tecnai G2 F20 operating at 200 kV. Samples were dispersed in ethanol under ultrasonication for 20 min. One droplet of suspension was applied to a 400-mesh carbon-coated copper grid and dried in air. Thermogravimetric (TG) analysis was conducted on TGA/SDTA 851 Mettler Toledo under dry air flow at a heating rate of 10 °C min −1 . Brauner-Emmett-Teller (BET) surface area and average pore volume of the MNSs were measured by physisorption of N 2 at 77 K over a Micromeritics TriStar II 3020. Before measurement, the samples were degassed at 200 °C for 6 h to remove moisture and adsorbed gas.
Synthesis of pyridinium ILs
The pyridinium ILs were prepared according to previously published researches and with some modifications [34, 35] . 1-dodecylpyridinium bromide (C 12 PyBr), 1-tetradecylpyridinium bromide (C 14 PyBr), 1-hexadecylpyridinium bromide (C 16 PyBr) and 1-octadecylpyridinium bromide (C 18 PyBr) were obtained by reacting pyridine (33 mmol) with 1-bromododecane (40 mmol), 1-bromotetradecane (40 mmol), 1-bromohexadecane (40 mmol) and 1-bromooctadecane (40 mmol) respectively in ethanol (10 mL), at 110 °C under reflux condition for 48 h. The products obtained were purified by dissolving it in minimum amount of acetonitrile and precipitated using diethyl ether. The solids obtained were dried under desiccants to remove excess solvent. C 12 
MNSs synthesis
MNSs synthesis procedure a
In this method, TEA and TEOS undergo a pre-treatment process and MNSs synthesis procedure A was modified from published resources [3, 36] . ILs (0.5 g) was dissolve in deionized water (20 mL) and this mixture was stirred at 90 °C for 1 h. This mixture was labeled as Solution A (SA). In a small vial, TEA (0.06 g) and TEOS (1.5 mL) was mixed and heated. It was labeled as Solution B (SB). SB was added dropwise to SA and the mixture was then further stirred at 90 °C for another hour. After cooling to room temperature, the product was collected via centrifugation at 12,000 rotation per minute (rpm) for 30 min. The product was washed with water and ethanol once respectively. To remove the template, the solid was dispersed in ethanol (60 mL) via sonication, followed by the addition of concentrated HCl (3 mL). The mixture was then refluxed overnight. The template-removed product was collected via centrifugation and the solid obtain was rinsed with ethanol twice. The solid was dried in the oven at 50 °C for at least 12 h. The products were named as MACn where n = 12, 14, 16 and 18 which represented C 12 PyBr, C 14 PyBr, C 16 PyBr and C 18 PyBr respectively.
MNSs synthesis procedure B
In this method that was adapted and modified from Lv et al., there was no pre-treatment process for any reactants [3] . In 100 mL round bottom flask, ILs (0.5 g), deionized water (20 mL) and TEA (0.06 g) was added and the mixture was stirred for 1 h at 90 °C. TEOS (1.5 mL) was added dropwise to the mixture and it was stirred for another hour at 90 °C. After cooling to room temperature, the product was collected via centrifugation at 12,000 rpm for 30 min. The product was washed once with water followed by ethanol. To remove the template, the solid was dispersed in ethanol (60 mL) via sonication followed by the addition of concentrated HCl (3 mL). The mixture was then refluxed overnight. The template-removed product was collected via centrifugation and the solid obtain was rinsed with ethanol twice. The solid was dried in the oven at 50 °C for at least 12 h. The products were named as MBCn where n = 12, 14, 16 and 18 which represented C 12 PyBr, C 14 PyBr, C 16 PyBr and C 18 PyBr respectively.
Results and discussion
In this research, MNSs were synthesized using series of pyridinium ILs under basic condition via two methods. Comparatively to the other most common methods of MSNs synthesis, both of these methods utilize TEA instead of sodium hydroxide or ammonia. The usage of TEA as the base in this reaction is crucial in obtaining well dispersed particles [36] . The difference between these two methods is the utilization of TEA in the synthesis. In procedure A, the TEA and TEOS were premixed and preheated before adding it to the template mixture while in procedure B, the TEA, template and water were mixed, heated and stirred together before the addition of room temperature TEOS. Other than comparing these two methods, the effects of alkyl chain length of pyridinium ILs via both methods were also investigated.
Before proceeding to the synthesis of MNSs, a series of pyridinium ILs were synthesized through established method as reported by Marek et al. [35] . In this reaction, ethanol was introduced in the mother solution to reduce the overall viscosity of the solution during the synthesis process. The target pyridinium ILs were formed through alkylation reaction between pyridine and bromoalkane with different alkyl chain lengths.
In both the procedures, MNSs were prepared under condensation reaction with TEA. TEA serves an important role in ensuring that the synthesized MNSs are well-dispersed due to its surface capping ligand property [3] . Besides that, it also acts as the basic catalyst for the reaction as well as a complexing agent with silicate species [37] . After obtaining the MNSs the series of pyridinium ILs (templates) were removed. This was observed via FTIR analysis. From the spectrum (Fig. 1) [38] . However in both procedures, identical SAXRD patterns were obtained where the MNSs generated do not exhibit any peak which is identical to another reported work [1] . It can be concluded that the synthesized materials are amorphous with no specific pore ordering (Fig. S1) [1, 39] .
In procedure A, the MNSs were prepared by reacting two solutions with the same temperature where the templates and water solution were mixed with the TEA and TEOS solution. The TEM images (Fig. 2) reveals that all MACn materials exhibit spherical morphology in various sizes. Furthermore, in the TEM images, the pores show wormlike shape with no specific pore orientation. The mean diameters which were calculated from approximately 50 particles show decreasing order trend from MAC12, MAC14, MAC16 and MAC18 with the value of 157.23, 62.97, 57.66 and 49.44 nm respectively (Table 1) . Interestingly, the particles sizes are dependent on the alkyl chain length of pyridinium ILs. MAC12 exhibit the largest mean particle size of 157.23 nm while MAC18 has the lowest mean particle size of 49.44 nm which is more than half of the value given by MAC12. To confirm the presence of template within the MNSs, TG analysis on all MACn before the templates removal process were carried out. TG curves (Fig. S2) shows significant weight loss occurred between 250 and 500 °C which due the removal pyridinium ILs templates [19, 40] . The porosity of the synthesized MNSs was further examined by N 2 adsorption-desorption and all MNSs sample exhibit type IV isotherm which is the norm for mesoporous materials (Fig. S4) . Sharp intake at the relatively high pressure are due to the inter-particle spaces [41] . From the nitrogen sorption analysis, BET surface areas were obtained for MAC12, MAC14, MAC16 and MAC18 where surface area of 78.17, 242.28, 424.14 and 439.85 cm 3 g −1 were observed respectively ( Table 1 ). The surface area exhibit an increasing trend with increasing alkyl chain length where an exponential increase of surface area was observed between MAC12 and MAC14 and that the surface area of MAC16 almost doubles the surface area of MAC14. Besides that, pore volumes of the materials were also obtained from this analysis and the same general trend as the surface area was observed.
Procedure B was adapted and modified from Lin et al. by replacing the common template CTAB with the series of pyridinium ILs prepared [3] . MNSs were synthesized by the addition of room temperature TEOS into the mother solution containing the templates, water and TEA. The properties of the MNSs were further examined via TEM analysis and it was found that MBCn show spherical morphology and wormlike pores shape (Fig. 3) . The mean particle sizes calculated from about 50 particles were 150.50, 65.38, 56.67 and 45.59 nm for MBC12, MBC14, MBC16 and MBC18 respectively ( Table 2 ). It was observed that the average particles size of MBC18 is more than half of MBC12 and drastic particles size decrease occurred between MBC12 and MBC14. The MBCn average particles size also exhibited decreasing trend as the n increases.
The sample MBCn were also analyzed via nitrogen sorption analysis and similar results to MACn were obtained. The materials exhibit typical mesoporous materials isotherm which is Type IV isotherm (Fig. S5) . The surface area of the materials were determined via BET analysis whereby MBC12, MBC14, MBC16 and MBC18 have the surface area of 71.85, 281.55, 514.92 and 525.02 m 2 g −1 respectively (Table 2) . From the data, it can be concluded that the surface area increases with the alkyl chain length and similar trend was observed from the pore volume data. Similarly to MACn, TG analysis on all MBCn before the templates removal was carried out to determine the presence of template. Significant weight loss occurred between 250 and 500 °C and this is due to removal of pyridinium ILs templates (Fig. S3) [19, 40] .
To understand the formation mechanism of MNSs, one must first know the Classic Nucleation Theory (CNT). In CNT, there are three main stages which are the supersaturation of the monomers, nucleation and finally particles growth. Formation of MNSs follows the basic principle in CNT but in a slightly different way. From CNT, nucleation occurs when the supersaturation of monomer is achieved but for MNSs, the point of nucleation is from the micelle of the templates [3] . In other words, for the production of MNSs, the concentration of the templates must be more that the CMC value for the formation of micelles. In this reaction, we proposed that the MNSs were formed via chargedmechanism where the charge matching occur between the cationic template (S + ) and silicate oligomers (I − ) to form the S + I − assembly [2] . The formation of MNSs began with the production of cationic micelle followed by the interaction with negatively charged silicate species formed through hydrolysis of TEOS resulting in silica-template micelle composite. Constructions of MNSs began with silica-template micelle composite as building units and their condensation lead to the formation of nanoparticles [3] . Presence of TEA helps in monodispersity of MNSs by capping the surface of silica-template micelle which limits the particles growth. It also helps in the formation of more nuclei leading to smaller particles size [3, 17] . To investigate the capping agent (TEA) on synthesized MNSs, the samples were analyzed by FTIR analysis. From Fig. S6 , the wide base between peaks at 3381 and 2913 cm −1 is due to hydroxyl group of TEA. The weak peak at 3065 cm −1 corresponds to the aliphatic chain of TEA. The peak representing in plane and out of plane bending of C-H in TEA present around 1000 cm −1 . However, the peak is covered by large and broad peak of SiO bond due to MNSs [42] . The peaks which indicate presence of TEA are weak due to low concentration of TEA used and the peak representing TEA overlap with the template's peak. Figure 4 shows the comparison of mean particle size of MNSs with two different methods and various alkyl chain length of template. Between the two methods, there were not many differences between the particles size. However in terms of dispersity, it was found that the MACn showed lower particles size's dispersity compared to MBCn. In procedure A, TEOS and TEA were pre-heated which resulted to formation of silatrane complex. This complex undergoes slower hydrolysis rate in aqueous medium hence the particles growth rate were more controlled which lead to lower particles size's dispersity. This observation was consistent with previous reported research [36] . Besides that, the general trend of decreasing particles size as alkyl chain length increases was demonstrated. One of the reasons for this observation is due to the critical micelle concentration (CMC) of the template. Template with longer alkyl chain length will have a lower CMC value and hence more nuclei will be observed in the solution state. This leads to a smaller particles size as the nucleation dominates the reaction [20, 41, 43] .
The pores of the MNSs were analyzed using nitrogen sorption analysis and from this analysis, BET surface area and pore volume of the particles were obtained. For both methods, as the alkyl chain length increases, the surface area increases and the same trends were observed for the pore volume. Larger pore volume value leads to larger surface area which is consistent in both procedures. Furthermore it was observed in both procedures that there was exponential increase of surface area between n = 12 and n = 14 and the surface area reach a plateau state when n = 16 and n = 18. However, MNSs generated from procedure B show slightly higher surface area and pore volume compared to procedure A (Figs. 5, 6 ).
In procedure B, TEA was heated together in template aqueous solution and room temperature TEOS was added after an hour. Presence of TEA in the template solution increased the nuclei formation and was mentioned previously, nucleation point of MNSs is the template micelle. Addition of TEOS will react with the cationic micelle and form silica-template micelle composite which is the building Fig. 4 Comparison of mean particles size between MACn and MBCn block of MSNs [3] . Higher concentration of these composite lead to more pores formation in the MSNs, hence giving rise to higher surface area and pore volumes values which are in agreement with the results obtained.
Conclusion
Monodispersed MNSs have been successfully synthesized using a series of pyridinium ILs via two methods. The particles sizes of the MNSs are affected by the alkyl chain length of the templates whereby the longer the alkyl chain length the smaller the particles size. In both methods, MNSs exhibited spherical morphology with wormlike pores shape. Based on the nitrogen sorption analysis, the BET surface area of MNSs generated from procedure A range from 78.17 to 439.85 m 2 g −1 while from procedure B, it is from 71.85 to 525.02 m 2 g −1 . This indicates that by removing the pretreatment process of TEA and TEOS, significant increase of surface area were obtained for the longer alkyl chain length template. The MNSs synthesized have potential to be utilized in catalysis, drug delivery, cell imaging and multifunctional materials due to its favorable properties. 
